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The primary scientific target of the ground and space based Cosmic Microwave Background (CMB)
polarization experiments currently being built and proposed is the detection of primordial tensor
perturbations. As a byproduct, these instruments will significantly improve constraints on cosmic
birefringence, or the rotation of the CMB polarization plane. If convincingly detected, cosmic
birefringence would be a dramatic manifestation of physics beyond the standard models of particle
physics and cosmology. We forecast the bounds on the cosmic polarization rotation (CPR) from the
upcoming ground-based Simons Observatory (SO) and the space-based LiteBIRD experiments, as
well as a “fourth generation” ground-based CMB experiment like CMB-S4 and the mid-cost space
mission PICO. We examine the detectability of both a stochastic anisotropic rotation field, as well
as an isotropic rotation by a constant angle. CPR induces new correlations of CMB observables,
including spectra of parity-odd type in the case of isotropic CPR, and mode-coupling correlations
in the anisotropic rotation case. We find that LiteBIRD and SO will reduce the 1σ bound on the
isotropic CPR from the current value of 30 arcmin to 1.5 and 0.6 arcmin, respectively, while a CMB-
S4-like experiment and PICO will reduce it to ∼ 0.1 arcmin. The bounds on the amplitude of a scale-
invariant CPR spectrum will be reduced by one, two and three orders of magnitude by LiteBIRD, SO
and CMB-S4-like/PICO, respectively. We discuss potential implications for fundamental physics by
interpreting the forecasted bounds on CPR in terms of the corresponding constraints on pseudoscalar
fields coupled to electromagnetism, primordial magnetic fields (PMF), and violations of Lorentz
invariance. We find that CMB-S4-like and PICO can reduce the 1σ bound on the amplitude of
the scale-invariant PMF from 1 nG to 0.1 nG, while also probing the magnetic field of the Milky
Way. The upcoming experiments will also tighten bounds on the axion-photon coupling, with
SO improving the bound from fa & 50HI at present, where HI is the energy scale of inflation, to
fa & 500HI , and CMB-S4-like and PICO raising it to fa & few×103HI , placing stringent constraints
on the string theory axions.
I. INTRODUCTION
The impact of the Cosmic Microwave Background
(CMB) on our knowledge of the primordial universe
has been astounding. In the past quarter of a century,
progress has hardly abated. Recent years have witnessed
the discovery of temperature anisotropy by COBE [1, 2],
then the first detection of CMB polarization by DASI [3]
and high resolution full sky CMB maps from WMAP
[4, 5], culminating in comprehensive measurements of
temperature and E-mode polarization by Planck [6]. The
primary focus of current CMB research is the measure-
ments of the so-called B-modes – the parity odd polariza-
tion patterns [7, 8] that could be created by inflationary
gravitational waves (GW) [8–10] as well as a harbinger
of potentially new physics [11–16]. On ∼ 10′ angular
scales, or ` ∼ 1000, gravitational lensing by large scale
structures generates B-modes [17] that were measured by
POLARBEAR [18] and SPTPol [19] five years ago. The
first measurements of B-modes on larger scales, ` ∼ 100,
where the inflationary GW are expected to contribute
the most, were made by BICEP2/Keck [20, 21]. How-
ever, foregrounds, such as polarized dust in our galaxy,
are not yet characterized to an accuracy needed to unveil
the primordial signal possibly hiding behind.
While foregrounds pose a serious challenge, many ex-
periments are rising to meet it. For example the Si-
mons Observatory [22], currently under construction in
the Chilean Atacama desert, has a predicted sensitivity
of σr = 0.003 to the tensor-to-scalar ratio r characteriz-
ing the amplitude of gravitational wave (GW) B-modes,
which would improve current bounds [23] by more than
an order of magnitude. As the inflationary paradigm is
perfectly consistent with r being below the observable
range [24], it is plausible that no GW contribution will
ever be seen with B-modes. Fortunately, other funda-
mental physics will be constrained by improved B-mode
measurements (see, e.g., [25] for a review), such as the
number of relativistic particle species in the early uni-
verse, the sum of the neutrino masses, annihilation rates
of dark matter candidates, and possible modifications of
gravity. Another effect, which is the subject of this pa-
per, is cosmic birefringence, or cosmic polarization ro-
tation (CPR), that can be caused by parity violating
extensions of the standard model [26–29] or primordial
magnetic fields [30].
Unlike the inflationary GW B-modes where the target
signal is, at best, a few percent of the foreground con-
tribution, most of the signal required for CPR measure-
ments comes from smaller scales that are less affected by
galactic foregrounds. Still, foregrounds and instrumen-
tal systematic effects, such as the beam asymmetry and
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2imperfect scanning of the sky, play an important role.
CPR is manifested in different types of correlations
of CMB observables, depending on whether the rotation
angle is uniform or varies across the sky. In either case,
the rotation converts some of the E-modes into B-modes,
generating a contribution to the B-mode power spectrum.
A similar B-to-E conversion also takes place but is neg-
ligible, as the primordial B-modes are constrained to be
subdominant. A uniform rotation angle leads to parity-
odd spectra of EB and TB type. An anisotropic rotation,
on the other hand, introduces mode-coupling that leads,
in particular, to non-trivial 4-point correlations [31–34].
A detection of CPR would signal new physics beyond the
standard models of cosmology and particle physics, and
has become an ancillary target of the CMB polarization
experiments [34–46]. The current upper bound on the
constant rotation is ∼ 0.5 deg [43, 45]. Constraints on
the amplitude of the scale-invariant anisotropic rotation
spectrum (defined in Eq. (11)) are currently on the or-
der of 0.1 deg2 [45, 46]. As we will show, future CMB
experiments, such as LiteBIRD [47], Simons Observatory
[22], a CMB-S4-like experiment [25] and PICO [48], will
improve these bounds by orders of magnitude.
The prospect of accurate measurements of CPR
presents an opportunity for probing physics beyond the
standard model, such as parity violating axion-photon in-
teractions [49–51]. These interactions result in different
travel speeds of the two photon spin states, causing CPR
[26–29]. Axion-like parity-violating terms have been
discussed in the context of inflation [52], quintessence
[28, 53–59], baryogenesis [60] and neutrino number asym-
metry [61]. More generally, CPR probes violations of
Lorentz invariance that could emerge in theories of quan-
tum gravity [62], unconventional fields [63, 64] and the-
ories involving noncommutative spacetime [65, 66]. A
general self-consistent description of Lorentz violation is
provided by the Standard-Model Extension (SME) [67–
69]. Faraday Rotation (FR) by cosmic magnetic fields is
another mechanism [30], where the rotation has a char-
acteristic frequency dependence. As we will show, up-
coming and future CMB experiments will significantly
improve bounds on primordial magnetic fields (PMF)
[70–73], providing an important observational handle on
theories of inflation and the high energy universe [74].
The rest of the paper is organized as follows. We review
the CPR formalism, the relevant observables and sys-
tematic effects in Section II. The forecasts for the future
CMB polarization experiments, along with brief review
of the current bounds, are presented in Section III. We
elaborate on implications of improved bounds on CPR
for fundamental physics in Section IV. We conclude with
a summary in Section V.
II. ROTATION OF CMB POLARIZATION
Depending on the underlying physical mechanism (see
Section IV), the CPR angle α could be a constant or
a function of the line of sight, nˆ. In this Section, we
briefly review the estimator used for both constant and
anisotropic CPR.
CMB polarization maps are commonly separated into
the so-called E- and B-modes [7, 8, 10], which are the
parity-even and parity-odd patterns of the polarization
vector, which we will simply referr to as E and B. While
E-modes are produced by Thomson scattering from in-
tensity gradients at first order in cosmological pertur-
bation theory, generating B requires sources with parity-
odd components, such as gravitational waves [9], topolog-
ical defects [11] or magnetic fields [75]. The weak lensing
(WL) of CMB by large scale structures turns some of the
E into B, generating the signal measured by POLAR-
BEAR [18] and SPT [19].
The CPR converts1 E into B, as well as B into E, al-
though the latter effect is small enough to be ignored for
very small rotation angles. Expanding α(nˆ) into spher-
ical harmonics, α(nˆ) =
∑
LM αLMYLM (nˆ), the relation
between the spherical expansion coefficients of the un-
derlying E- and the induced B-mode can be written as
[31, 33]
Blm = 2
∑
LM
∑
l′m′
αLMEl′m′ξ
LM
lml′m′H
L
ll′ , (1)
where ξLMlml′m′ and H
L
ll′ are related to Wigner 3-j symbols:
ξLMlml′m′ ≡ (−1)m
√
(2l + 1)(2L+ 1)(2l′ + 1)/4pi
×
(
l L l′
−m M m′
)
; HLll′ ≡
(
l L l′
2 0 −2
)
, (2)
and the summation is restricted to even L + l′ + l. In
contrast, the WL conversion of E into B [77] couples the
odd sums of the modes, making it orthogonal to the CPR
effect. Eq. (1) also applies to the case of a constant CPR
angle, in which case all αLM are zero, except for α00.
A. The mode-coupling estimator of the rotation
For an anisotropic α(nˆ), Eq. (1) implies correlations
between different multipoles of E and B. Since the CMB
temperature (T) and E are correlated, CPR also corre-
lates T with B. The rotation angle can be extracted from
EB and TB correlations [31–33]. Given measurements of
B and E in frequency channels i and j, respectively, the
quantity
[αˆBiEj ,LM ]ll′ =
2pi
∑
mm′ B
i
lmE
j∗
l′m′ξ
LM
lml′m′
(2l + 1)(2l′ + 1)CEEl H
L
ll′
(3)
1 The CPR discussed in this paper is restricted to rotation of linear
polarization along the line of propagation. We do not consider
circular polarization which is not expected to be present in the
CMB [76].
3provides an unbiased estimator of αLM [32–34, 78, 79].
Note that [αˆBiEj ,LM ]ll′ is not symmetrical under inter-
change of l and l′, and one should separately consider
contributions from BE and EB correlations. Analogous
quantities can also be constructed from products of T
and B. Hence, given maps of T, E and B from a num-
ber of channels (labeled by indices i, j), one considers
contributions from all quadratic combinations
A ∈ {EiBj , BiEj , T iBj , BiT j} . (4)
The minimum variance estimator αˆLM is obtained by
combining estimates from all A, accounting for the co-
variance between them.
The variance in αˆLM was derived in Gluscevic et al.
[33]. For a statistically isotropic CPR, it is defined as
〈αˆ∗LM αˆL′M ′〉 = δLL′δMM ′ [CαL + σ2α,L], where CαL is the
CPR power spectrum that receives contributions from
the sources of rotation (such as birefringence), while
σ2α,L is the combined variance of individual estimators
[αˆBiEj ,LM ]ll′ . Using a notation similar to that in [33],
we can write
σ−2α,L =
∑
l′≥l
GLll′
∑
A,A′
[(Cll′)−1]AA′ ZAll′ZA
′
ll′ , (5)
where the sum is restricted to even l + l′ + L, GLll′ ≡
(2l + 1)(2l′ + 1)(HLll′)
2/pi, A and A′ label the relevant
quadratic combinations of E, B and T listed in (4),
ZX
iBj
ll′ = c
2W ijll′C
XE
l , (6)
ZB
iXj
ll′ = c
2W ijll′C
EX
l′ , (7)
with X denoting either T or E, and W ijll′ ≡ exp[−(l2 +
l′2)θ2ij/16 ln 2] accounts for the finite width of the beam.
We take θij = max[θ
i
fwhm, θ
j
fwhm], where θ
i
fwhm is the full-
width-at-half maximum (FWHM) of the Gaussian beam
of the i-th channel.
The covariance matrix elements, [Cll′ ]AA′ , are
[Cll′ ]XiBj ,Y kBn = C˜X
iY k
l C˜
BjBn
l′ + δll′C˜
XiBn
l C˜
BjY k
l′
[Cll′ ]BiXj ,BkY n = C˜B
iBk
l C˜
XjY n
l′ + δll′C˜
BiY n
l C˜
XjBk
l′ (8)
with X and Y standing for either E or T, and
C˜X
iY j
l = C
XY,prim
l +ALC
XY,WL
l +C
XY,sys
l +N
XiY j
l , (9)
is the measured spectrum that includes the primordial
contribution CXY,priml , the WL contribution C
XY,WL
l ,
the systematic effects CXY,sysl , and N
XiY j
l that includes
detector noise, assumed to be uncorrelated between the
channels, and the residual contribution of galactic and
atmospheric foregrounds. The de-lensing fraction AL is
introduced to account for the partial subtraction of the
WL contribution. According to [80], the quadratic esti-
mator method of [77] can reduce the WL contribution to
C˜BBl by a factor of 7 (implying AL = 0.14), with iterative
methods promising a further reduction [80].
The signal to noise ratio (SNR) of the detection of the
CPR spectrum CαL is given by(
S
N
)2
=
Lmax∑
L=1
(fsky/2)(2L+ 1)[C
α
L ]
2
[CαL + σ
2
α,L]
2
. (10)
The variance in the rotation estimator is the lowest at
small L, since a rotation that is uniform over a large patch
of the sky affects many E-modes in the same way. Hence,
the main contribution to the SNR tends to come from the
smaller L modes, at least for the rotation spectra that are
close to being scale-invariant.
As will be discussed in Sec. IV, two special cases are
of special interest: that of the scale-invariant rotation
spectrum [29], and that of the uniform rotation angle
[28]. The amplitude of the scale-invariant spectrum can
be conveniently described by a constant parameter Aα,
Aα ≡ L(L+ 1)C
α
L
2pi
. (11)
For a noise-dominated measurement, i. e when CαL <
σ2α,L for all L, the SNR is proportional to Aα. However,
if CαL is larger than the variance for L < LS , the contri-
bution of these L to the SNR is
(S/N)2 ≈
LS∑
L=1
fsky(2L+ 1)/2 ≈ L2S/2 , (12)
where LS is found by setting C
α
LS
= σ2α,LS . For a scale-
invariant spectrum, this implies LS(LS + 1) ≈ L2S ≈
2piAα/σ
2
α,L, or LS ≈
√
2piAα/σα,LS . This leads to
S
N
≈
√
piAα
σα,LS
, (13)
and implies a linear dependence of the SNR on the rota-
tion angle, which is expected, since the rotation estima-
tor can be used to directly reconstruct the rotation map.
This translates into a linear dependence of the SNR on
the parameters of the underlying theory for the cause
of the rotation, such as the axion decay constant or the
strength of the primordial magnetic field, which makes
the CPR a sensitive probe of fundamental physics.
The case of the uniform rotation angle is a sub-case of
a general rotation, with Eq. (5) for the combined variance
in the mode-coupling estimator remaining valid for L =
0. For a full sky, the 00th multipole of the rotation angle
is related to the angle via α00 =
√
4piα. For a partial sky
coverage, the variance in a uniform α is given by
σ2α =
σ2α,0
4pifsky
, (14)
where σ2α,0 is given by Eq. (5) with L = 0. The uniform
rotation generates parity-odd angular spectra of EB and
TB type:
CEBl = 2αC
EE
l and C
TB
l = 2αC
TE
l . (15)
4As explicitly shown in [33], the signal-to-noise of a de-
tection of a uniform α (using the variance in (14)) is
equivalent to the signal-to-noise of detection of the EB
and TB spectra. We will use (14) in our forecasts as it
includes the covariance of multiple frequency channels.
B. The B-mode spectrum induced by CPR
In addition to mode-coupling correlations, CPR in-
duces a contribution to the B-mode spectrum. Ignor-
ing the effects of the finite width of the last scattering
surface, the B-mode spectrum induced by CPR with a
spectrum CαL is
C
BB(α)
l =
1
pi
∑
L
(2L+ 1)CαL
∑
l1
(2l1 + 1)C
EE
l1 (H
L
ll1)
2.
(16)
The signal-to-noise in detecting CPR from the measure-
ment of the BB spectrum is given by(
S
N
)2
=
Lmax∑
l=Lmin
fsky(2l + 1)[C
BB(α)
l ]
2
2[C˜BBl + C
BB(α)
l ]
2
, (17)
where the covariance C˜BBl includes instrumental noise,
the systematic effects and the WL contribution.
For a constant CPR angle α, we have
C
BB(α)
l = α
2CEEl . (18)
and the signal-to-noise becomes(
S
N
)2
=
Lmax∑
l=Lmin
fsky(2l + 1)[α
2CEEl ]
2
2[C˜BBl + α
2CEEl ]
2
. (19)
Note that the signal-to-noise in BB is quadratic in α,
while in the case of EB and TB correlations it is essen-
tially linear in CPR. Thus, given a CMB experiment of
sufficiently low noise and high resolution, the latter of-
fer a more sensitive probe of the CPR than the B-mode
spectrum. This is true for both constant and anisotropic
rotation.
C. Beam systematics
Optical imperfections in the telescope itself, known as
“beam systematics”, are capable of generating spurious
CPR [41, 81–84] due to the leakage of power from the
“standard” correlations of TT, TE and EE type. Beam
systematics generate non-zero parity-odd angular spec-
tra CEBl and C
TB
l in addition to contributing to all
parity-even spectra, including CBBl . Their multipole-
dependence can be modelled [81, 84], allowing one to par-
tially separate this non-cosmological signal from the data.
The separation cannot be perfect because contributions
from the systematics increase the variance and because of
the uncertainties associated with the beam model. More-
over, the pixel-rotation systematic effect caused by the
misalignment of the telescope is fully degenerate with a
uniform (across the sky) CPR angle2.
In our forecasts, we use the parameterized forms of
CXY,sysl derived in [81] for the spurious contributions to
CMB spectra caused by the differential pointing, differen-
tial ellipticity, and differential rotation in a dual polarized
beam. In the formalism of [81], these three systematic ef-
fects are controlled by the corresponding parameters ρ,
e, and , which, for simplicity, were assumed to be inde-
pendent of l. Under this simplifying assumption, beam
systematics contribute to Eq. (8) only at l = l′. For
each experiment, we evaluate CXY,sysl assuming the un-
certainties in ρ, e and  are reduced to sufficiently low
levels that allow the experiment to achieve its scientific
targets, i.e. to exhaust its nominal capacity to detect B-
mode polarization. Specifically, two requirements must
be satisfied:
1. Beam systematics should not reduce the experi-
ment’s ability to measure r; and
2. Beam systematics should allow the experiment to
measure the lensing B-mode on relevant scales, i.e.
we require that CBB,sysl∗ < N
BB
l∗ for l < l∗, where
l∗ = 1150 corresponds to the peak of the WL spec-
trum.
When modelling the differential pointing effect, we as-
sume that one of the beams has no pointing error, while
the other beam has a pointing error ρ. The angle θ of the
second beam is a free parameter that we fix at θ = 45◦.
Our calculation of the quadrupole effect assumes that
the two beams have the same ellipticity e, and the angles
that the polarization axes make with the major axes of
the two beams are taken to be ψ1 = 45
◦ and ψ2 = 0. The
values of ρ, e and , derived for each experiment under
the above assumptions are given in Table I, and we re-
fer the reader to [81] for the complete description of the
beam model.
III. BOUNDS ON THE ROTATION OF CMB
POLARIZATION
Using the formalism presented in the previous section,
we perform a forecast of expected bounds on the CPR
for the following upcoming and proposed experiments:
• Lite (Light) satellite for the studies of B-mode po-
larization and Inflation from cosmic background
Radiation Detection (LiteBIRD) [47] – a proposed
small satellite observatory, with channels covering
2 In fact, measured TB and EB correlations are sometimes used
to correct for the misalignment of the telescope based on the
assumption that the underlying CPR is vanishing [79, 85, 86].
5LiteBIRD SO SAT CMB-S4-like PICO
space ground ground space
fsky = 0.6 fsky = 0.1 fsky = 0.4 fsky = 0.6
target sensitivitya to r σr = 0.001 σr = 0.003 σr = 0.0005 σr = 5× 10−5
de-lensed fractionb fL = 0.5 fL = 0.5 fL = 0.15 fL = 0.1
(104ρ, 103e, 102)c (4, 1.5, 1.5) (1, 0.2, 1.5) (2, 50, 0.4) (1, 1.5, 0.4)
Frequency θfwhm σP θfwhm σP θfwhm σP θfwhm σP
(GHz) ′ µK-′ ′ µK-′ ′ µK-′ ′ µK-′
60 48 19.5 - - - - 13 3.9
70 43 15.8 - - - - - -
75 - - - - - - 11 3.2
78 39 13.3 - - - - - -
90 35 11.5 - - - - 9.5 2
95 - - 30 2.7 2.2 2.1 - -
100 29 9.0 - - - - - -
110 - - - - - - 7.9 1.7
120 25 7.5 - - - - - -
130 - - - - - - 7.4 1.6
140 23 5.8 - - - - - -
150 - - 17 3 1.5 2.1 6.2 1.4
a The expected 68% CL upper bound on r assuming it is undetectably small.
b Perfect de-lensing corresponds to fL = 0, no de-lensing to fL = 1.
c The beam systematics parameters used in our forecasts as described in Sec. II C.
TABLE I. Parameters of the CMB experiments considered in our forecast. The values of frequencies in the first column are
rounded. Channels with frequencies below 60 and above 150 GHz are dominated by the galactic foregrounds and are not
included.
a wide range of frequencies, targeting B-modes in
the 2 < ` < 200 range, and aiming to constrain
the tensor-to-scalar ratio r at a level of σr = 0.001.
In our forecasts, we only include channels in the
60-150 GHz range, where the galactic foregrounds
are relatively weak. For LiteBIRD, we assume that
the residual foreground contribution is equal to the
noise in the lowest noise channel;
• Simons Observatory (SO) [22], a ground-based ex-
periment currently under development, consisting
of one 6 meter Large Aperture Telescope (LAT) and
three 0.5 meter Small Aperture telescopes (SAT),
aiming to achieve σr = 0.003. For SO, we assume
the SAT parameters and the forecasted noise curves
from [22]3 that include modelling of atmospheric
and galactic foregrounds;
• a Stage IV ground based experiment like CMB-S4
[25] covering 40% of the sky at 95 and 150 GHz
with ∼ 1 arcmin resolution and noise levels of ∼
1 µK-arcmin. For CMB-S4-like, we assume that
the residual foreground contribution is equal to the
noise in the lowest noise channel;
• Probe of Inflation and Cosmic Origins (PICO) [48],
a proposed mid-cost space mission mapping the full
3 The SO noise curves are available at https://
simonsobservatory.org/assets/supplements/20180822_SO_
Noise_Public.tgz
sky using multiple channels covering a wide range
of frequencies at a resolution of a several arcmin
and noise levels of ∼ 1 µK-arcmin. In our forecasts,
we consider channels in the 60-150 GHz range and
use the forecasted noise curves from [87] that were
used in [48] and include modelling of atmospheric
and galactic foregrounds using the methodology de-
scribed in [22].
The parameters assumed for each of the experiments are
summarized in Table I.
We consider rotation by both a uniform and an
anisotropic rotation angle, quantifying the results in
terms of the expected 68% confidence level (CL) bounds
on the following parameters:
• the constant rotation angle α, in arcmin (′);
• the amplitude of the scale invariant rotation spec-
trum Aα of Eq. (11), in deg
2;
• the quadrupole moment of the rotation, √Cα2 /4pi,
in arcmin, assuming a scale-invariant spectrum:√
Cα2
4pi
=
√
Aα
12
. (20)
In addition, we plot the statistical uncertainty in CαL ,
under the assumption of no CPR,
σCαL =
σ2α,L√
fsky(2L+ 1)/2
(21)
as a function of L, in deg2. Before presenting the fore-
casts, we briefly review the current bounds on CPR.
6A. Current bounds on CPR
The current bound on the uniform rotation angle is
α < 0.5◦ at 68% CL derived by Planck [44] from the
upper limit on parity-odd two-point correlations of EB
and TB type (see also [39, 43, 45, 88]). It improved on
the 68% CL bound of α < 1.5◦ from WMAP7 [89].
The existing constraints on the anisotropic rotation
are based on the assumption of a scale-invariant rota-
tion spectrum. The present bound is Aα < 0.07 deg
2 at
95% CL obtained in [45] using a pixel based approach
to directly estimate the rotation angle on local patches
of the Planck polarization maps. According to the scal-
ing in Eq. (13), the corresponding 68% CL bound would
be approximately 0.02 deg2. Expressed in terms of the
quadrupole anisotropy, the bound is
√
C2/4pi < 5
′ at
95% CL or approximately 3′ at 68% CL. A comparable
bound, Aα < 0.11 deg
2 at 95% CL, was obtained by
BICEP2/Keck [46] using the mode coupling estimator
introduced in the previous section. Prior bounds on Aα
were also derived from WMAP7 [34] (Aα < 12 deg
2 at
68% CL) and POLARBEAR [37] (Aα < 1 deg
2 at 95%
CL). Bounds on Aα from POLARBEAR and SPTPol B-
mode spectra were also derived in [90]. The present day
bounds are summarized in Table II.
B. Forecasted CPR bounds
Table II summarizes the forecasted bounds on the uni-
form and the anisotropic CPR expected from the four
experiments considered in this work.
The ability of a given experiment to constrain CPR is
determined primarily by its resolution and the effective
noise that includes the residual foreground contributions.
Specifically, an optimal experiment for detecting a scale-
invariant rotation spectrum would have the resolution
to measure most of the `-modes around the peak of the
E-mode spectrum, or 500 . ` . 3000. Having better
resolution does not significantly improve constraints on
the rotation simply because there is less power in the
polarization on smaller scales. However, if the rotation
spectra were not scale-invariant but had a significant blue
tilt, with most of the power on small scales, having po-
larization measurements at a higher resolution could be
beneficial. We leave investigation of this latter possibility
for future work.
From Table II one can see that LiteBIRD would lower
the bounds on CPR by an order of magnitude, while
the Simons Observatory will lower them by two orders.
Both CMB-S4-like and PICO are capable of improving
them by yet another order of magnitude, with PICO be-
ing somewhat more sensitive to CPR thanks to the lower
detector noise.
In Fig. 1 we plot the forecasted statistical uncertainty
in the rotation spectrum CαL given by Eq. (21). The
curves take into account the contribution of beam sys-
tematics, and assume partial de-lensing by a fraction
fL, given for each experiment in Table I. The plot also
shows the forecasted 68% CL bounds on the amplitude of
the scale-invariant rotation spectrum Aα (the horizontal
lines) for each experiment, along with the current bound
on Aα from BICEP2/Keck [46].
IV. IMPLICATIONS FOR FUNDAMENTAL
PHYSICS
A. A pseudoscalar field coupled to
electromagnetism
A number of well-motivated extensions of the standard
model involve a (nearly) massless axion-like pseudoscalar
field coupled to photons via the Chern-Simons (CS) inter-
action term. The relevant contribution to the Lagrangian
can be written as
Laγ = −1
4
FµνF
µν+
1
2
∂µa∂
µa+
a
2fa
Fµν F˜
µν−
(
1
2
m2aa
2
)
,
(22)
where Fµν is the electromagnetic field strength, F˜µν is
its dual, a(x, η) is the pseudoscalar field, fa is the axion
decay rate, and ma is the axion mass which is either zero
or constrained to be very small. One should think of a
as being the phase of a complex scalar field with a spon-
taneously broken U(1) symmetry, i.e. a (pseudo-) Gold-
stone boson, with the value of fa set by the symmetry
breaking scale. Axions were first introduced in the con-
text of the QCD [49–51] as a solution of the strong CP
violation problem [91]. Axion-like fields are ubiquitous
in string theory [92, 93] and can be relevant in develop-
ing models of inflation [52], quintessence [28, 53–56, 58],
baryogenesis [60] and neutrino number asymmetry [61].
We refer the reader to [94] for a recent review of cosmo-
logical implications of axion-like fields.
The parity-violating term in (22) makes the right- and
left-handed polarization states propagate at different ve-
locities,
A¨±(k, τ) +
[
k2 ± 2k
fa
(a˙+ nˆ · ~∇a)
]
A±(k, τ) = 0, (23)
where the vector-potential is decomposed into A± =
Ax ± iAy, a phenomenon known as birefringence. This
causes a rotation of the linear polarization of an electro-
magnetic wave as it propagates [26]. If the wavelength of
the radiation is much smaller than the typical scale over
which a varies, the rotation angle is independent of the
wave’s frequency and is given by ∆α = ∆a/fa, where
∆a is the net change in a along the photon’s trajectory
[26–29]. In order to produce any rotation of the CMB
polarization, the axion mass must be smaller than the
Hubble scale at decoupling,
ma < Hdec ∼ 10−28 eV, (24)
otherwise, the axion will start oscillating around the min-
imum of the potential giving ∆a = 0. Note that the same
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DL BS α Aα
√
Cα2
4pi
α Aα
√
Cα2
4pi
α Aα
√
Cα2
4pi
α Aα
√
Cα2
4pi
α Aα
√
Cα2
4pi
′ 10−2deg2 ′ ′ 10−3deg2 ′ ′ 10−4deg2 ′ ′ 10−5deg2 ′ ′ 10−5deg2 ′
yes no - - - 1.3 2.7 0.9 0.56 3 0.29 0.1 1.4 0.065 0.05 0.4 0.035
yes yes - - - 1.5 3.3 1.0 0.66 4 0.35 0.11 2.0 0.08 0.06 0.5 0.04
no no - - - 1.4 3.5 1.0 0.64 5.0 0.4 0.13 2.5 0.09 0.08 1.2 0.06
no yes 30 2 3 1.6 4.0 1.1 0.71 5.5 0.4 0.15 3.3 0.1 0.09 1.4 0.065
TABLE II. Current and forecasted 68% CL bounds on the uniform and the anisotropic CPR parameters.
FIG. 1. The thick lines show the statistical uncertainty in CαL , given by Eq. (21), forecasted for the four experiments considered
in this work. These curves assume de-lensing by a fraction fL given for each experiment in Table II, and account for the effects
of beam systematics. The thinner horizontal lines indicate the corresponding expected 68% CL bounds on the amplitude of
the scale-invariant rotation spectrum Aα. The thin green solid line shows the current bound on Aα from BICEP2/Keck [46].
criterion prevents a from being the dark matter, since be-
ing a matter particle of relevance to structure formation
requires it to start oscillating prior to decoupling.
A uniform CPR angle is possible if a) a˙ is non-zero
between the time of decoupling and today, and b) the
average value of a is non-zero at decoupling. The first
of these conditions requires the mass to be sufficiently
large for a to be dynamical between the decoupling and
today [28], namely, ma > H0 ∼ 10−33 eV. The second
condition requires the value of a to be uniform across
the universe, which would be the case if its value was set
during or prior to inflation. More specifically, the initial
value of a is set randomly at the time of the U(1) symme-
try breaking. If inflation happened at a scale HI > fa,
the sky-averaged value of a would be zero, as it would
correspond to averaging over its value in many causally
disconnected parts of the universe. On the other hand,
if fa ≥ HI , our observable universe would originate from
the same patch that was causally connected at the time
of symmetry breaking and the initial value of a would
be uniform across the sky. Hence, having an observ-
able uniform CPR angle requires fa > HI in addition to
10−33eV . ma . 10−28 eV.
As discussed in Sec. II A, a uniform CPR angle would
manifest itself in non-zero CTB` and C
EB
` [95] and imply a
global violation of parity in the universe. As our forecasts
have shown, future experiments will improve the sensitiv-
ity to a constant CPR by over two orders of magnitude.
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and translate into constraints on a combination of ma
and fa that would be complimentary to those from axion
dark matter searches. In particular, a detection of a uni-
form CPR angle would imply a non-zero axion mass. We
further discuss the uniform rotation angle in Sec. IV C
in the context of a general framework of searching for
Lorentz violating extensions of the standard model.
Generally, the pseudoscalar a would vary in space and
time, with the spatial distribution largely determined by
whether the symmetry breaking scale is above or below
that of inflation. If fa < HI , then a(x, η) is expected
to be uncorrelated on scales larger than the horizon size
at the time of the symmetry breaking, implying a blue
rotation spectrum on scales probed by CMB experiments
with a cut off at an extremely high value of L. Such a
CPR spectrum would have practically no power at low L
and would be undetectable. However, the breaking of the
U(1) symmetry would also produce global cosmic strings
[96] which would remain topologically stable up to the
epoch corresponding to the very small axion mass scale
ma (which could be zero). A scaling network of axion
strings would act as a continuous source of perturbations,
sourcing axion fluctuations on scales corresponding to the
horizon at any given time [97–100]. Detailed properties
of such a spectrum and its effect on the CPR could be a
subject of a future investigation.
Of special interest is the case when fa > HI , in
which case stochastic fluctuations in the pseudoscalar
field would be generated during the period of inflation
[93, 101, 102]. This would result in a scale-invariant spec-
trum of the CPR angle with an amplitude
Aα =
(
HI
2pifa
)2
. (25)
Thus, an upper bound on Aα implies a lower bound on
the coupling scale fa. In [29], the authors studied the
CMB B-mode spectrum generated by such a CPR (see
Eq. (16)) and derived a 95% CL upper bound of Aα <
4.2 × 10−3 rad2 = 13.8 deg2 from the upper bound on
the BB spectrum from QUaD [103], implying fa > 2.4×
1014 GeV×H14, where H14 = HI/1014GeV. As discussed
in Section II, given a CMB experiment of sufficiently low
noise and high resolution, the mode-coupling EB and TB
correlations offer a more sensitive probe of the rotation
angle compared to the BB spectrum. The present 95%
CL bound on Aα from BICEP2/Keck [46] is 0.11 deg
2,
corresponding to fa > 2.7(5.3)× 1015 GeV×H14 at 95%
(68%) CL.
The current and future 68% CL lower CMB bounds on
fa are shown in Table III. They are significantly tighter
than those obtained from astrophysical probes of pseu-
doscalar interactions [104–106], assuming that the infla-
tionary scale is not significantly below 14 GeV. Generally,
low-mass particles such as neutrinos and axions would be
produced in the interior of stars, and stellar constraints
typically require fa > 10
11 GeV [107]. The bound ob-
tained by the CERN Axion Solar Telescope (CAST) ex-
Current LiteBIRD SO CMB-S4-like PICO
fa [HI ] 50 200 500 2000 4000
TABLE III. Current and forecasted 68% CL lower bounds on
the axion decay constant fa, in the units of the energy scale of
inflation, HI = 10
14 GeV ×H14. These are inferred from the
bounds on Aα that include the effects of beam systematics
and de-lensing.
periment, which searched for the direct emission of pseu-
doscalars from the solar interior, is fa > 2 × 1010 GeV
[108]. The bounds from laboratory experiments, such
as the Polarization of Vacuum with LASer (PVLAS) ex-
periment [109], are significantly weaker than those from
astrophysics.
Experiments such as CMB-S4-like and PICO are able
to probe fa ∼ a few×1017 GeV×H14, in the range close
to the Planck scale of 1019 GeV. In particular, this would
exclude the range of fa ∼ 1016 GeV×H14 that is of most
interest for string theory, leading to non-trivial bounds
on the string theory axions [29, 92] and implementations
of inflation in the related models.
B. Faraday Rotation by a Primordial Magnetic
Field
The origin of micro-Gauss (µG) strength galactic mag-
netic fields is one of the long standing puzzles in astro-
physics [110]. Producing them with a dynamo mecha-
nism requires a seed field of a certain minimum strength
[111]. Adding to the puzzle is the presence of µG strength
fields in proto-galaxies too young to have gone through
the number of revolutions necessary for the dynamo to
work [112]. There is also preliminary evidence for lower
limits on primordial magnetic fields (PMF) from observa-
tions of cosmic rays for magnetic fields in the intergalac-
tic space coherent over cosmological distances [113–118].
PMFs could have been generated in the aftermath of
phase transitions in the early universe [119], during infla-
tion [120, 121], or at the end of inflation [122]. Once pro-
duced, they would be sustained by the primordial plasma
in a frozen-in configuration until the epoch of recombina-
tion and beyond leaving potentially observable imprints
in the CMB. Thus, improved constraints on the PMF are
valuable tools for discriminating among different theories
of the early universe [123–125].
A stochastic PMF contributes to the CMB anisotropy
through metric perturbations and the Lorentz force ex-
erted on ions in the pre-recombination plasma [75, 126–
130]. It also generates Faraday rotation (FR) of CMB
polarization converting E modes into B modes [131–134]
and inducing mode-coupling correlations between E, B
and T [70, 72]. CMB signatures depend on the shape
of the PMF spectrum, which in turns is determined by
the generation mechanism of the PMF. The originally
proposed simple inflationary models of magnetogenesis
[120, 121] predict a scale-invariant spectrum, although
9other values are possible in more complicated models
[135]. Magnetic fields produced in phase transitions af-
ter inflation have blue spectra with most power on very
small scale. We will focus on the well-motivated case of
the scale-invariant PMF [136] that is most likely to have
observable CPR [70, 134].
It is conventional to quote limits on the PMF in terms
of Bλ, which is the magnetic field strength smoothed over
a region of comoving size λ. For a scale-invariant PMF,
this measure is independent of λ, and is the same as the
effective PMF strength obtained by taking the square
root of the magnetic energy density [126], so we will quote
the bounds in terms of BSI = Beff = Bλ. The current
bound, derived from a combination of the 2015 Planck
TT, EE, TE spectra [6] and the SPT B-mode spectrum
[19] is BSI < 1.2 nG at 95% CL, or < 1 nG at 68% CL
[137]. In particular, the measured B-modes by SPT at
small scales play an important role, reducing the bound
on BSI by a factor of two.
Because the magnetic contribution to CMB spectra
scales as B4SI, an orders-of-magnitude improvement in the
accuracy of the B-mode spectrum would only result in a
modest reduction of the bound on BSI. In contrast, Fara-
day Rotation (FR) scales linearly with BSI, promising
much tighter bounds on the PMF [73]. At present, such
FR-based PMF bounds are not competitive compared to
those from CMB spectra, e.g. the POLARBEAR col-
laboration obtained BSI < 93 nG at 95% CL [37] based
on the analysis of mode-coupling EB correlations in their
150 GHz map, but they will improve dramatically with
the lower noise and higher resolutions of future experi-
ments.
To extract the FR signal, one can use the rotation an-
gle estimator (3) after accounting for the ν−2 frequency
dependence of the FR angle α(nˆ). Namely, one can use
a combination of channels to constrain the frequency in-
dependent rotation measure (RM), defined as
RM(nˆ) ≡ c−2ν2α(nˆ). (26)
The details of constructing the multi-frequency RM esti-
mator can be found in [72].
A scale-invariant PMF implies a scale-invariant RM
spectrum [134], i. e. the quantity
A2RM = L(L+ 1)C
RM
L /2pi (27)
is constant over the scales of interest and is related to
BSI via [71]
ARM ≈ 50 rad/m2 BSI/nG . (28)
The SNR of the detection of the primordial RM spectrum
CRM,PMFL is given by(
S
N
)2
=
Lmax∑
L=1
(fsky/2)(2L+ 1)[C
RM,PMF
L ]
2
[CRM,PMFL + fGC
RM,G
L + σ
2
RM,L]
2
,
(29)
BSI [nG] Current LiteBIRD SO CMB-S4-like PICO
CBB` 1.0
a 2.3 1.0 0.55 0.5
FRfG=0 - 1.7 0.7 0.16 0.08
FRfG=1 50 1.7 0.7 0.18 0.12
a This bound is based on fitting all cosmological parameters to
TT, EE, ET from Planck and BB from SPT. The forecasts in
the remained of the row assume fitting BSI to BB only with
remaining cosmological parameters fixed to their best fit
LCDM values.
TABLE IV. Current and forecasted 68% CL lower bounds
on the strength of the scale-invariant primordial magnetic
field BSI derived from mode-coupling correlations induced by
Faraday Rotation (FR) compared to those derived from the
BB spectra (CBB` ). The forecast accounts for de-lensing and
beam systematics. The fG = 0 case assumes that there is
no galactic contribution to FR, while fG = 1 includes the
galactic FR based on the rotation measure map of [138].
where σ2RM,L is the variance in the RM estimator analo-
gous to σ2α,L that takes into account de-lensing and beam
systematics, and fG is the fraction of the Milky Way RM
spectrum CRM,GL that may be known from other sources
and can be subtracted. We use estimates of CRM,GL from
[71] based on the galactic RM map of [138].
Table IV shows the 68% CL bounds on the scale-
invariant PMF expected from the FR measurements, and
compare them to the bounds one would obtain by con-
straining the (non-FR) vector and tensor mode contri-
butions of the PMF to the BB spectrum. As one can
see, while the BB based constraints are stronger today,
they will not significantly improve on the present 1 nG
bound. On the other hand, the FR based estimates will
eventually do better, thanks for the linear scaling of the
SNR with the PMF strenght.
Importantly, experiments like CMB-S4 and PICO can
achieve bounds on the PMF strength ∼ 0.1 nG, which is
a critical threshold for ruling out the purely primordial
(no dynamo) origin of the ∼ 1−10 µG galactic magnetic
fields. Namely, a 0.1 nG field coherent over a 1 Mpc size
region would be adiabatically compressed into a ∼ 1 µG
field in the galactic halo [139].
The FR caused by a ∼ 0.1 nG PMF is approximately
the same as that due to the magnetic field in the Milky
Way near the galactic poles [71]. Thus, lowering the FR
based bound on the PMF below 0.1 nG would require
an independent measurement of the galactic RM. This
should be possible in the future with improved versions
of the galactic RM maps [138] based on studies of extra-
galactic radio sources. Regardless of that, experiments
like CMB-S4 and PICO will have the sensitivity to use
FR to probe the magnetic field in our galaxy. Since FR
probes the line-of-sight component of the magnetic field,
it is complementary to studies using synchrotron radia-
tion which probe the transverse component.
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C. Model-independent constraints on
Lorentz-violating physics
The last two decades have seen a resurgence of interest
in tests of Lorentz invariance due, in part, to the sugges-
tion that violations of Lorentz invariance could emerge
in theories of quantum gravity [62, 140, 141]. Of the
hundreds of searches for Lorentz violation in particles
and in gravity [142–144], tests involving astrophysical
sources are among the most sensitive since tiny Lorentz-
violating defects can accumulate over long propagation
times [145]. CMB radiation is the oldest light avail-
able to observation and provides extreme sensitivity to
certain forms of Lorentz violation [35, 36, 39, 40, 42–
44, 82, 86, 88, 89, 104, 146–156].
Tests of Lorentz symmetry are aided by a theoret-
ical framework known as the Standard-Model Exten-
sion (SME), which aims at providing a general all-
encompassing self-consistent description Lorentz viola-
tion in both the Standard Model of particle physics and
General Relativity [67–69]. The early work on the SME
was largely motivated by suggestions that Lorentz in-
variance may be spontaneously broken in string theory
[62, 140, 141]. Other possible origins of Lorentz viola-
tion include small spacetime variations of physical con-
stants or unconventional fields [63, 64], theories involving
noncommutative spacetime [65, 66] and unconventional
coupling to gravity [157]. In the SME, photons are de-
scribed by the usual Maxwell Lagrangian augmented by
an infinite series of Lorentz-violating terms [158],
LLV = 12κλµνAλ(k(3)AF )κFµν − 14Fκλ(k(4)F )κλµνFµν
+ 12
κλµνAλ(k
(5)
AF )κ
αβ
∂α∂βFµν + . . . . (30)
Each term in the series gives a different class
of Lorentz violation controlled by tensor coefficients
(k
(d)
AF )κ
α1...α(d−3)
and (k
(d)
F )
κλµνα1...α(d−4) . For example,
the axion-photon coupling term in Eq. (22) is physically
equivalent to LCS = −(∂κa/2fa)κλµνAλFµν , yielding a
correspondence between the gradient of the axion field
and the d = 3 coefficients for Lorentz violation,
(k
(3)
AF )κ = −f−1a ∂κa . (31)
The label d = 3, 4, 5, . . . is the mass dimension of the
conventional piece appearing with the coefficient, and it
is expected that lower-d terms dominate at attainable
energies. Consequently, most tests of Lorentz symmetry
in photons have focused on the leading-order d = 3 and
d = 4 violations.
Each term in the Lagrangian (30) leads to vacuum bire-
fringence, which can be tested with extreme precision us-
ing polarimetry of astrophysical sources. For d ≥ 4, the
effects on the polarization of light grow with photon en-
ergy, and are best constrained using high-energy sources
[159]. However, the lowest-order d = 3 term gives energy-
independent birefringence, so the CMB provides the ideal
source for this class of violations. Lorentz violation of the
CS type was first bounded at the level of 10−42 GeV three
decades ago in a study of polarization in radio galaxies
[27]. Since Lorentz violation generally comes with viola-
tions of rotational symmetry, the effects of birefringence
are typically direction dependent, and the full-sky CMB
can test anisotropic birefringence more effectively than
point sources.
The d = 3 Lorentz violations cause a simple rotation in
the linear polarization. Integrating from recombination
to today, the CMB polarization rotates about the line of
sight nˆ by an angle [149]
α(nˆ) ' −T
∑
lm
Ylm(nˆ)k
(3)
(V )lm , (32)
where T ' 3.8◦/10−43 GeV is the time since recom-
bination in units convenient for studies involving the
SME. For convenience, we have expanded the CPR ro-
tation angle α(nˆ) in spherical harmonics. There are four
non-zero spherical coefficients, k
(3)
(V )00, k
(3)
(V )11, k
(3)
(V )10, and
k
(3)
(V )1(−1) = −
(
k
(3)
(V )11
)∗
, which are linear combinations of
the four d = 3 tensor coefficients (k
(3)
AF )κ (note that in
the case of the photo-axion coupling, this corresponds
to assuming constant gradients in Eq. (31)). While
anisotropic birefringence in the CMB has been considered
by a number of researchers [37, 46, 105, 160–163], rela-
tively few constraints exist on the three l = 1 coefficients
describing the potential dipole anisotropy in the CPR an-
gle (but see e.g the analysis of the 2003 BOOMERANG
data in [147]). A dipole in the CPR angle was recently
measured in the analysis of Planck data [45], where it
was expressed using the form α(nˆ) = A1 nˆ · Nˆ , where A1
is the maximum α and Nˆ is the direction at which max-
imum rotation occurs. Ref. [45] reports an amplitude of
A1 = 0.32
◦ ± 0.10◦ ± 0.08◦ and a direction Nˆ at galactic
coordinates l = 295◦ ± 22◦ ± 5◦, b = 17◦ ± 17◦ ± 16◦.
Neglecting the covariance between the parameters, the
corresponding 1σ bounds on anisotropic SME coefficients
are
k
(3)
(V )10 = (0.09± 0.06)× 10−43 GeV ,
Re k
(3)
(V )11 = (−0.07± 0.05)× 10−43 GeV ,
Im k
(3)
(V )11 = (0.00± 0.04)× 10−43 GeV , (33)
representing an improvement of more than two orders of
magnitude over previous bounds.
As one can see from Table II, the bounds on the
quadrupole of anisotropic rotation will improve by a fac-
tor of 3 with LiteBIRD, a factor of 10 with SO, a factor
of 30 with CMB-S4-like and a factor of 60 with PICO.
Correspondingly, a comparable improvement is expected
for the dipole contribution and the corresponding SME
coefficients.
The remaining coefficient for Lorentz violation k
(3)
(V )00
yields a uniform rotation by angle
αiso = − T√
4pi
k
(3)
(V )00 ' −
1.1◦
10−43 GeV
k
(3)
(V )00, (34)
11
k
(3)
(V )00 (10
−43 GeV) Data Ref.
−0.51± 0.75± 0.45 QUaD [151]
0.34± 1.16± 1.40 WMAP9 [155]
−0.29± 0.05± 0.26 Planck [44]
∼ 0.017 LiteBIRD
∼ 0.007 SO
∼ 0.0025 CMB-S4-like
∼ 0.0015 PICO
TABLE V. Current CMB birefringence constraints on the
isotropic d = 3 coefficient for Lorentz violation k
(3)
(V )00 and
projected sensitivities for the future experiments.
thus, the bounds on uniform CPR from Table II can
be readily converted into bounds on k
(3)
(V )00. The cur-
rent bound from Planck [44] limits k
(3)
(V )00 to a few
×10−44 GeV. The projected constraints from LiteBIRD,
SO, CMB-S4-like and PICO are given in Table V. The
sub-arcminute sensitivity expected in Stage IV experi-
ments should yield sensitivities better than 10−46 GeV,
representing at least a hundred-fold improvement in our
ability to test Lorentz violation.
Overall, the future bounds on CPR will not just im-
prove the CMB bounds on Lorentz violation, but will
provide the best overall constraints on the d = 3 CPT
and Lorentz violation in photons, improving on the orig-
inal Carroll, Field and Jackiw result [27] by four orders
of magnitude!
V. CONCLUSIONS
Using the primordial universe as a probe of funda-
mental physics is not a new idea. Yet, until now, such
measurements were beyond the reach of practical inves-
tigation. Now, upcoming and future CMB experiments
will dramatically improve our ability to constrain cosmic
polarization rotation, opening opportunities for prob-
ing both conventional aspects of fundamental physics,
and so-called “physics beyond the standard model”. In
particular, as we have shown, these results will signif-
icantly improve the bounds on axion-photon coupling,
coming close to excluding the entire class of string the-
ory axions. More generally, they will put new stringent
bounds on Lorentz violation in the universe, with im-
portant implications for model-building in high energy
physics and quantum gravity. Crucially, these bounds
are of a completely complementary nature to laboratory-
based probes, which will add confidence if these exotic
effects are ever discovered.
Experiments like CMB-S4 and PICO will improve
bounds on primordial magnetic fields, achieving con-
straints close to the critical threshold of 0.1 nG, which
would rule out the purely primordial (i.e., no dynamo)
origin of the observed µG level magnetic fields in galax-
ies. These observations will also open the possibility to
use Faraday Rotation of CMB polarization as a probe
the line-of-sight component of the magnetic field in our
galaxy, complementing information obtained from the
galactic synchrotron radiation that probes the transverse
component of the field.
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